Abstract: A Cu/SiO 2 /Pt structure is usually used to study the resistive memory properties of an electrochemical resistive random access memory. It can be reversibly switched between low-and high-resistance states by using DC voltages in the atmosphere. However, its resistive switching behavior disappears in a vaporless environment because no conducting filaments can be formed within the Cu/SiO 2 /Pt structure. This study inserted a graphene oxide (GO) layer to fabricate a Cu/GO/SiO 2 /Pt structure that could be resistively switched in a vaporless environment. The X-ray photoelectron spectra depth profile of the Cu/GO/SiO 2 /Pt structure showed that oxygen-related groups of the GO film reacted with the Cu electrode. The GO film assisted Cu ionization in a vaporless environment, and Cu ions could migrate in an electrical field to the Pt electrode. Cu conducting filaments were formed and ruptured by different polarity voltages, and the resistance of the Cu/GO/SiO 2 /Pt structure could be reversibly switched in a vaporless environment. A schematic model was proposed to explain the switching mechanisms in the atmosphere and a vaporless environment.
Introduction
After the development of consumer electronic products, semiconductor non-volatile memory (NVM) has become increasingly prevalent due to its high operation speed, low power consumption, and shock immunity. Flash memory is now mainstream for NVM devices. However, with continuous device scaling, physics limitations cause severe reliability issues. Therefore, many novel devices, such as magnetoresistive random access memory [1] , ferroelectric memory [2] , phase change memory [3] , and resistive random access memory (RRAM) [4] , have been proposed as next-generation NVM devices. Among these devices, RRAM, with a sample metal/insulator/metal structure and resistive switching behavior-induced applied voltages, is the most promising candidate.
The resistance of a RRAM device can be reversibly switched between a high-resistance state (HRS) and a low-resistance state (LRS) using applied voltages. The resistive switching behaviors of RRAM devices are influenced by its material group, defect status, and device structure [5, 6] , and the switching mechanisms are usually dominated by valence change mechanisms [7] , thermochemical reactions [8] , and electrochemical reactions [9] . The Cu/SiO 2 /Pt structure is a typical electrochemical reaction RRAM, and we previously investigated its resistive switching (RS) properties [9] . Cu ions were dissolved from the Cu electrode; thus, the formation and rupture of Cu conducting filaments
Experimental Procedures
A 20 nm SiO 2 film was deposited on a Pt-coated substrate (Pt/Ti/SiO 2 /Si) by radio-frequency sputtering at room temperature. Then, a 200 nm thick Cu film was deposited using a thermal evaporator to fabricate the Cu/SiO 2 /Pt structure (the control sample). The GO suspension was prepared according to the modified Hummer's method [21] . In brief, the preparation procedures of the GO suspension are described as follows: (1) First, 0.5 g of graphite powder and 3 g of potassium permanganate (KMnO 4 ) were added into 25 ml of concentrated sulfuric acid (H 2 SO 4 ) and then were stirred for 6 hours while keeping the solution temperature less than 25
• C. (2) Next, 200 ml of deionized (DI) water was added and the mixture was stirred for 30 min. Then, 10 ml of hydrogen peroxide (H 2 O 2 ) was added and the mixture was stirred for 30 min. (3) The solution was filtered by a filter paper and then DI water and hydrochloric acid (HCl) were used to wash the filtered slurry several times. After drying the filtered slurry, the graphite oxide powder was obtained. (4) Subsequently, 60 mg of graphite oxide powder, 10 ml of DI water, and 20 ml of alcohol were mixed and stirred. The resulting solution was exfoliated into the GO using an ultrasonic bath for 1 hour. After that, the solution was centrifuged at 5500 rpm for 30 min and then the upper clear part was taken out as the GO suspension. Oxygen functional groups within the GO were influenced by the synthesis method, process parameters, and precursor materials [22, 23] . The GO suspension was filtered through a 0.2 µm syringe filter and dropped onto SiO 2 /Pt substrates to deposit a GO layer through spin coating. The transmission electron microscope (TEM) image shows that the 5 nm GO layer was uniform and had a folded, layered structure [11] . A 200 nm Cu layer was then deposited to form the Cu/GO/SiO 2 /Pt structure (the GO sample). The device area, patterned by a metal mask, was 5 × 10 −5 cm 2 . The electrical measurements were performed on an HP 4155B semiconductor parameter analyzer in the atmosphere and an N 2 ambient. The sweep voltage was applied on the Cu top electrode, whereas the Pt bottom electrode was grounded. The chemical binding of the GO layer was characterized through X-ray photoelectron spectroscopy (XPS, JEOL JAMP-9500F, JEOL, Tokyo, Japan). Figure 1 depicts the C1s XPS spectra of the GO layer on the SiO 2 /Pt structure. The peaks of sp 2 (aliphatic, C-C), sp 3 (aromatic, C-C), hydroxyl (C-OH)/epoxy (C-O-C), carbonyl (C=O), and carboxyl (O=C-OH) were observed at 284.52, 285.08, 286.39, 287.06, and 288.57 eV, respectively [21] . Therefore, a GO layer with many oxygen-related groups was deposited effectively. Figure 2a depicts the XPS depth profile of the GO sample. The carbon peak indicates that the GO layer was between the Cu and SiO 2 layers. Figure 2b depicts the C1s XPS spectra of the GO layer between the Cu and SiO 2 layers. The proportions of C-containing components calculated from the XPS spectra of Figures 1 and 2b are listed in Table 1 . After the Cu electrode deposition, the number of oxygen functional groups within the GO layer decreased. The reduction process of reduced graphene oxide can be achieved through chemical, thermal, or electrochemical reduction [21] because the oxygen functional groups within the GO layer are unstable. Therefore, the oxygen functional groups within the GO layer would react with the Cu electrode due to chemical reduction or thermal reduction during the Cu deposition process. Hence, some oxygen functional groups reacted with the Cu electrode to form the Cu x O interface.
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Conclusion
A Cu/SiO2/Pt structure showed the resistive switching property in the atmosphere. Oxygen and H2O molecules reacted with the Cu metal to form a CuxO layer during the forming process, and then the CuxO layer assisted the Cu ionization process. Thus, Cu ions migrated through the SiO2 layers under an electric field. Hence, the formation and rupture of Cu conducting filaments are responsible for the RS. However, the Cu/SiO2/Pt structure cannot form a CuxO layer in a vaporless environment and thus did not show the RS property. A GO layer was inserted into the Cu/SiO2/Pt structure to fabricate the Cu/GO/SiO2/Pt structure. The GO layer was full of oxygen-related groups and hence reacted with the Cu electrode to form the CuxO layer. The CuxO layer assisted the Cu ionization process, and Cu conducting filaments could thus be formed within the SiO2 layer, reversibly enabling RS in a vaporless environment. The RS of the GO sample in the atmosphere was also characterized. Although the GO sample had slightly poorer RS in the N2 ambient than in the atmosphere, it had high endurance (> 3000 cycles) and high retention (> 10 4 s). Therefore, the Cu/GO/SiO2/Pt structure is suitable for next-generation NVM applications. 
Conclusions
A Cu/SiO 2 /Pt structure showed the resistive switching property in the atmosphere. Oxygen and H 2 O molecules reacted with the Cu metal to form a Cu x O layer during the forming process, and then the Cu x O layer assisted the Cu ionization process. Thus, Cu ions migrated through the SiO 2 layers under an electric field. Hence, the formation and rupture of Cu conducting filaments are responsible for the RS. However, the Cu/SiO 2 /Pt structure cannot form a Cu x O layer in a vaporless environment and thus did not show the RS property. A GO layer was inserted into the Cu/SiO 2 /Pt structure to fabricate the Cu/GO/SiO 2 /Pt structure. The GO layer was full of oxygen-related groups and hence reacted with the Cu electrode to form the Cu x O layer. The Cu x O layer assisted the Cu ionization process, and Cu conducting filaments could thus be formed within the SiO 2 layer, reversibly enabling RS in a vaporless environment. The RS of the GO sample in the atmosphere was also characterized. Although the GO sample had slightly poorer RS in the N 2 ambient than in the atmosphere, it had high endurance (> 3000 cycles) and high retention (> 10 4 s). Therefore, the Cu/GO/SiO 2 /Pt structure is suitable for next-generation NVM applications. 
